Specialization for a new habitat often entails a cost to performance in the ancestral habitat. Although aquatic lifestyles are ancestral among extant cryptodiran turtles, multiple lineages, including tortoises (Testudinidae) and emydid box turtles (genus Terrapene), independently specialized for terrestrial habitats. To what extent is swimming function retained in such lineages despite terrestrial specialization? Because tortoises diverged from other turtles over 50 Ma, but box turtles did so only 5 Ma, we hypothesized that swimming kinematics for box turtles would more closely resemble those of aquatic relatives than those of tortoises. To test this prediction, we compared high-speed video of swimming Russian tortoises (Testudo horsfieldii), box turtles (Terrapene carolina) and two semi-aquatic emydid species: sliders (Trachemys scripta) and painted turtles (Chrysemys picta). We identified different kinematic patterns between limbs. In the forelimb, box turtle strokes most resemble those of tortoises; for the hindlimb, box turtles are more similar to semi-aquatic species. Such patterns indicate functional convergence of the forelimb of terrestrial species, whereas the box turtle hindlimb exhibits greater retention of ancestral swimming motions.
Introduction
Species that specialize for particular environments often exhibit performance costs in contrasting environments [1, 2] . In some cases, specializations following major habitat transitions become so extreme that a species might rarely, if ever, encounter the contrasting, ancestral habitat [3] . There are few comparative data to evaluate the extent to which ancestral locomotor abilities are retained by such extreme specialists.
Studies of turtles may provide insight into this question. Aquatic lifestyles are ancestral among extant cryptodiran turtles [4] . However, multiple cryptodiran lineages have independently specialized for terrestrial habitats, including tortoises (approx. 50 species, family Testudinidae) and North American box turtles (genus Terrapene) [5] . These lineages exhibit several traits reflecting terrestrial specialization. Both groups have highly domed shells, and loose hindfoot webbing that typifies semi-aquatic taxa. Tortoises also show reduced carpals and tarsals, restricting wrist and ankle mobility [6] . Although fossils indicate that tortoises became terrestrial approximately 50 Ma, terrestrialization occurred more recently in Terrapene, which diverged from aquatic emydids approximately 5 Ma [7] . The longer duration of terrestrial specialization in tortoises, and their novel wrist and ankle structure, might lead to distinctive swimming movements compared with semi-aquatic taxa.
To test how swimming capabilities may change with the length of time that a lineage has been a terrestrial specialist, we collected high-speed video of & 2017 The Author(s) Published by the Royal Society. All rights reserved.
swimming Russian tortoises (Testudo horsfieldii) and threetoed box turtles (Terrapene carolina triunguis), and compared limb kinematics for these species to those from two semiaquatic emydids: sliders (Trachemys scripta) and painted turtles (Chrysemys picta). Given the derivation of box turtles from the emydid lineage [5] and the shorter amount of time for their terrestrial specialization, we predicted that box turtle kinematics would be more similar to those of semiaquatic emydids than to those of tortoises and, therefore, more closely resemble ancestral patterns of cryptodiran swimming [3] .
Material and methods
High-speed digital video (electronic supplementary material, figure S1 ) was collected from three adults of each species (average carapace lengths + s.d. ¼ 132 + 10 mm for C. picta, 206+ 14 mm for Trachemys scripta, 113+ 2 mm for Terrapene carolina and 137 + 18 mm for Testudo horsfieldii). Terrapene carolina (Apet, Chicago, IL) and Testudo horsfieldii (LLLReptile, Oceanside, CA) were purchased from suppliers; Trachemys scripta and C. picta were collected (Union and Alexander Counties, Illinois, permit A99.0550). Animals were housed in 900 Â 600 Â 200 mm plastic tubs. Terrestrial enclosures had peat moss substrate; aquatic enclosures were fitted with recirculating filters and basking areas [8] .
Swimming trials were conducted in a recirculating flow tank. Kinematic data were collected in lateral and ventral views using two synchronized, high-speed digital video cameras (100 Hz). The ventral view was derived from a mirror angled 458 to the tank bottom [8] . After swimming began, flow speed was adjusted to keep the individual in the video field of view for the duration of the trial [8] except for tortoises, which only swam in still water. Five swimming strokes for both forelimb and hindlimb were analysed for each turtle. Anatomical landmarks were digitized in each view for every other video frame (including shoulder/hip, elbow/knee, wrist/ankle, metacarpo-phalangeal joints, and tips of first, third and fifth digits) [8] . Custom MATLAB (MathWorks, Natick, MA, USA) code was used to calculate kinematic variables from three-dimensional coordinate data for each trial. Data were smoothed and normalized prior to comparisons using QUICKSAND [9] .
Means and standard errors were compared across species for 10 kinematic variables for each limb that reflected maxima and minima of joint motion (electronic supplementary material, tables S1 and S2). Two-way, mixed-model nested ANOVAs were conducted to determine whether swimming kinematics differed overall among the four species. Post hoc Tukey's pair-wise mean comparisons were conducted for each significant ANOVA to determine which species pairs differed. Kinematic differences among species for these variables also were evaluated using principal components analysis (PCA) and Euclidean distance calculations [8] . Statistical analyses were conducted in R (v. 3.2.4, R Foundation for Statistical Computing, Vienna, Austria). We did not perform formal phylogenetic corrections to these analyses owing to the small number of species in our comparisons, but we did specifically consider phylogenetic relatedness and ecological similarity as bases for predicting kinematic similarities between taxa.
We also compared overall kinematic profiles for each variable across species. After normalizing all trials to the same duration, we calculated average values of each variable for each species for each 1% time increment, from which we generated 100-dimensional vectors. Using standard equations [8] , we then calculated angles between these 100-dimensional vectors for paired combinations of species for each variable, with angles near 08 indicating similarity, and angles near 908 indicating dissimilarity.
Results
Nested multivariate analysis of variance (MANOVA) indicated significant differences in swimming kinematics among the four species in the forelimb and hindlimb (forelimb: figure 1 and table 1 ; electronic supplementary material, tables S3 and S4), which show distinct clusters for each species in both limbs, except for overlap between painted turtles (C. picta) and box turtles (Terrapene carolina) in the hindlimb. Separation for the forelimb is driven by differences in high elbow flexion and extension for box turtles, versus high forefoot feathering for sliders ( figure 1a and table 1) . Separation for the hindlimb is driven by low hindfoot feathering for tortoises compared with other species ( figure 1b and table 1) .
Differences in swimming kinematics among species were also evident from Euclidian distances (electronic supplementary material, tables S5 and S6). For the forelimb, the smallest differences were between painted turtles (C. picta) and the other three species, with the surprising result that the greatest similarity was between distantly related painted turtles and terrestrial tortoises (Testudo horsfieldii), and the greatest difference was between more closely related emydid sliders (Trachemys scripta) and terrestrial box turtles (Terrapene carolina). For the hindlimb, the greatest similarity was between painted and box turtles, whereas the greatest differences were between tortoises and the other species (electronic supplementary material, table S6).
Two-way nested ANOVAs showed differences between species for all 10 kinematic variables (electronic supplementary material, tables S1 and S2). Post hoc Tukey's comparisons indicate that for the forelimb, four out of 10 variables for each terrestrial taxon (Testudo horsfieldii and Terrapene carolina) are distinct from semi-aquatic emydids (C. picta and Trachemys scripta). However, terrestrial taxa do not group together (electronic supplementary material, table S7). In the hindlimb, Testudo horsfieldii are distinct from the other three taxa for seven out of 10 variables. By contrast, Terrapene carolina are distinct from other taxa for only two out of 10 variables (electronic supplementary material, table S8).
Kinematic vector comparisons provide further insight into similarities and differences in overall limb movements across species. In the forelimb, box turtles are more similar to tortoises than to more closely related semi-aquatic species for four out of five variable profiles ( figure 2 and table 2 ). However, in the hindlimb, box turtles more closely resemble semi-aquatic emydid relatives (painted turtles or sliders) for four out of five variable profiles, most closely resembling tortoises only for the angle of hindfoot feathering ( figure 2 and table 2 ).
Discussion
Comparisons of maxima and minima for forelimb and hindlimb variables indicate considerable kinematic differentiation across all of our study taxa (figure 1), even between closely related and ecologically similar species like painted turtles and sliders. In fact, painted turtles and sliders were rarely the most similar taxa for any of the variables we compared (e.g. two out of 10 kinematic profile comparisons: table 2). These results highlight the potential for unrecognized, rsbl.royalsocietypublishing.org Biol. Lett. 13: 20160732 functionally relevant kinematic diversity even among closely related and morphologically similar species.
Although maxima and minima for forelimb variables differ between terrestrial tortoises and box turtles (figure 1a), comparisons of overall kinematic profiles show that box turtles are more similar to tortoises than they are to either of the more closely related, semi-aquatic emydid species ( figure 2 and table 2) . By contrast, for the hindlimb, PCA on kinematic maxima and minima shows substantial overlap between box turtles and painted turtles among semi-aquatic taxa (figure 1b), and vector analyses of overall kinematic profiles show box turtles as closest to a semi-aquatic emydid taxon for four of five variables ( figure 2 and table 2 ). Based on these comparisons, the forelimb shows greater functional convergence between terrestrial species, whereas the hindlimb of box turtles, in which terrestriality is a recent evolutionary event, shows considerable retention of semi-aquatic kinematics. Thus, box turtles might be viewed as having 'one foot out the door,' with terrestrial specialization having greater impact on swimming kinematics for their forelimbs than their hindlimbs.
Similarities in forelimb kinematics are evident between terrestrial tortoises and box turtles, even with the independent specialization of tortoises to use their forelimbs for digging [6] . In this context, the apparent similarity of box turtle hindlimb movements to those of other emydids may largely reflect the more extreme divergence of tortoises. Tortoises are distinct for many more kinematic variables of the hindlimb than box turtles (seven versus two; electronic supplementary material, table S8). However, for most swimming turtles (except those using forelimb flapping [6]), the hindlimb is the primary source of propulsive thrust [10] . Box turtles retain the ancestral ability to flex the ankle related to this role, but ankle flexion is negligible in tortoises (figure 2b; electronic supplementary material, figure S2 ). Thus, our results indicate that the independent paths to terrestriality followed by tortoises and box turtles did not proscribe a similar retention of swimming patterns.
Differences in functional change between the forelimbs and hindlimbs have been noted for other taxa spanning evolutionary transitions in habitat [11] . The reduction of propulsive force from the hindlimbs that appears likely with the loss of ankle flexion in tortoises may contribute to their inability to swim into flowing water during our trials. However, even with extreme specialization for terrestrial locomotion, it is striking that tortoises have been frequent colonizers of oceanic islands [12] . Given the limited swimming ability that our trials show for tortoises, it seems that other factors besides locomotor performance must have facilitated their infiltration of island habitats. Chrysemys picta Trachemys scripta Testudo horsfieldii Terrapene carolina rsbl.royalsocietypublishing.org Biol. Lett. 13: 20160732 Table 2 . Pair-wise angles between vectors representing kinematic profiles for 10 variables across four turtle species (figure 2); terr, terrestrial species; sem-aq, semi-aquatic species. 
